Highly Sensitive Gas Sensors Based on Silicene Nanoribbons by Aghaei, S. M. et al.
a. Quantum Electronic Structures Technology Lab, Department of Electrical and 
Computer Engineering, Florida International University, Miami, Florida 33174, 
United States
b. Department of Mechanical and Materials Engineering, Florida International 
University, Miami, Florida 33174, United States
Highly Sensitive Gas Sensors Based on Silicene Nanoribbons
S. M. Aghaei a, M. M. Monshi a, and I. Calizo a , b
Inspired by the recent successes in the development of two-dimensional based gas sensors capable of single gas molecule 
detection, we investigate the adsorption of gas molecules (N2, NO, NO2, NH3, CO, CO2, CH4, SO2, and H2S) on silicene 
nanoribbons (SiNRs) using density functional theory (DFT) and nonequilibrium Green’s function (NEGF) methods. The most 
stable adsorption configurations, adsorption sites, adsorption energies, charge transfer, quantum conductance 
modulation, and electronic band structures of all studied gas molecules on SiNRs are studied. Our results indicate that NO, 
NO2, and SO2 are chemisorbed on SiNRs via strong covalent bonds, suggesting its potential application for disposable gas 
sensors. In addition, CO and NH3 are chemisorbed on SiNRs with moderate adsorption energy, alluding to its suitability as a 
highly sensitive gas sensor. The quantum conductance is detectably modulated by chemisorption of gas molecules which 
can be attributed to the charge transfer from the gas molecule to the SiNR. Other studied gases are physisorbed on SiNRs
via van der Waals interactions. It is also found that the adsorption energies are enhanced by doping SiNRs with either B or 
N atom. Our results suggest that SiNRs show promise in gas molecule sensing applications.   
I Introduction
Although the global development of the chemical activities in 
the last century is a consequence of the human demands, it 
also affects human health and life quality from the associated 
environmental release of poisonous substances in the forms of 
solid, liquid and vapour. Therefore, gas detection is vital for 
managing chemical processes to prevent health hazards such 
as air pollution, device contamination, and for medical 
diagnosis. Today, developing novel gas sensing materials with 
high sensitivity, even down to the single molecule level, high 
selectivity, high stability, quick response and recovery, and low 
power consumption is of considerable importance.  Graphene, 
the first discovered two-dimensional (2D) material,1,2 renders 
outstanding properties such as high surface-volume ratio, low 
electronic temperature noise, remarkably high carrier mobility, 
high chemical and thermal stability, and fast response time, 
which make it promising in the development of ultrasensitive 
sensors with high packing density, higher sensitivity, better 
selectivity, faster recoverability, and less power consumption.3-
5 The potential application of graphene for gas sensors has 
been widely studied both experimentally6,7 and theoretically.8-
10 However, the physisorption of common gas molecules such 
as CO2, CO, CH4, H2O, H2, N2, NO2, and NO on pristine 
graphene8 restrict its potential for single molecule 
detection.11,12 It is found that sensing ability of graphene can 
be enhanced by introducing dopants or defects.9,10,13
Inspired by the alluring properties of graphene, silicene, the 
analogue of graphene for silicon and having a buckled 
honeycomb structure,14-16 has garnered considerable interest 
because of its remarkable properties including 
ferromagnetism,17 half-metallicity,18 quantum Hall effect,19 
giant magnetoresistance, 20 and superconductivity.21 Takeda 
and Shiraishi14 reported silicene for the first time in 1994 and 
Guzmán-Verri and Voon15 coined its name in 2007. Although 
free-standing silicene is not stable, it was experimentally 
fabricated on Ag,21-24 Ir,25 ZrB2,
26 and ZrC.27 Using first-
principles calculations, various substrates such as h-BN,28
SiC,29 GaS,30 graphene31 and ZnS32 which have weak van der 
Waals (vdW) interactions with silicene have been also studied 
to improve its stability. The extraordinary properties of silicene 
along with its compatibility with silicon based nanoelectronics 
may give the edge to silicene rather than graphene. Numerous 
potential applications of silicene in spintronics,33 field-effect 
transistors (FETs),34,35 and sensing devices36,37 have been 
proposed. Unlike a flat graphene sheet, the silicene
honeycomb structure is buckled15,16 due to the tendency of 
silicon atoms to adopt sp3 and sp2 hybridization rather than 
only sp2 hybridization.22 This buckled structure makes it 
possible for the band gap of silicene to be tuned more 
intensively with an external electric field38 and with binding 
adsorbates39 as compare to graphene.40 Furthermore, silicene 
shows a considerably higher chemical reactivity for atoms41-46
and molecules47-51 adsorption than graphene due its buckled 
formation with a great deal of potential applications for 
silicene based nanoelectronic devices,52 Li-ion storage 
batteries, hydrogen storage,45 thin film solar cell absorbers,46
hydrogen separation membranes, 47 and molecule sensors.49-51
Similar to graphene, silicene is a zero band gap semimetal.15
It is expected that the effects of gas molecule adsorption on 
the electronic properties of a material without a band gap is 
much less than that of a semiconductor with an intrinsic band 
gap. A number of methods have been proposed to induce a 
band gap in a silicene sheet including doping,53 substrate 
effects,54 chemically functionalization,55,56 electric field,33
nanomesh and nanoholes.57-59 One of the possible methods to 
introduce a band gap in silicene is achieved by cutting the 
sheet into silicene nanoribbons (SiNRs).16,34,60 SiNRs have been 
grown on Ag (100), Ag (110), Au (110) substrates.61-64 Afuray et 
al. have synthesized an array of highly uniform parallel SiNRs 
with width of ~ 1.7 nm on Ag (110) substrate.61 The intrinsic 
band gap and small dimension along with free reactive edges 
make nanoribbons more attractive than sheets for gas 
nanosensor applications. Several experimental and theoretical 
studies of graphene nanoribbons (GNRs) sensing properties 
have been already reported.65-68 The CO, NO, NO2, and O2
molecules are chemisorbed on armchair GNRs (AGNRs), while 
the adsorption of NH3 and CO2 on AGNRs is between weak 
chemisorption and strong physisorption.67 It has been found 
that CO, CO2, NO, NO2, and O2 molecules draw electrons from 
AGNRs, while NH3 donates its electrons into AGNRs. Little 
attention has been focused on molecule adsorption on SiNRs. 
A recent theoretical work by Osborn and Farajian has proven 
that ASiNRs can be used for detection of CO molecule due to 
its weak chemisorption on ASiNRs.69 They also found that H2O 
and O2 are strongly chemisorbed on ASiNRs, while CO2 and N2
barely affect ASiNR’s conductance.
It remains an open question as to what is the adsorption 
behavior of nitrogen- , sulfur- , and other carbon-based gas 
molecules, including NO, NO2, NH3, SO2, H2S, and CH4 which 
are all of great practical interest for environmental, medical, 
and industrial applications, on SiNRs. In this paper, we 
employed first-principles methods based on density functional 
theory (DFT) to investigate the adsorption behavior of  CO, 
CO2, CH4, N2, NO, NO2, NH3, SO2, and H2S molecules on SiNRs. 
Our results promulgate the promising future of SiNR in the 
development of ultrahigh sensitive sensor platforms.
II Computational Methods
All the calculations are carried out based on first-principles 
DFT combined with nonequilibrium Green’s function (NEGF) 
implemented in Atomistix ToolKit (ATK) package.70-72 The 
Generalized Gradient Approximation of Perdew-Burke-
Ernzerhof (GGA-PBE) with a double-ζ  polarized  basis  set  is 
adopted to solve Kohn-Sham equations and to expand 
electronic density. The density mesh cut off is set to be 150 
Rydberg. The Grimme vdW correction (DFT-D2)73 is also 
employed to describe long-range vdW interactions.74 In order 
to take into account the vdW interactions, an additional term 
(EvdW) is added to the DFT total energy (EDFT):
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The EvdW is calculated using an attractive semi-empirical pair 
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The VPP between two atoms, for example atoms 1 and 2, which 
are located at a distance r apart can be defined as:
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Typically, d (damping parameter) is set to be 20. Besides vdW 
interactions, since our systems have two subsystems: the SiNR 
(A) and the gas molecule (B), so-called basis set superposition 
errors (BSSE) are expected due to the incompleteness of the 
Linear Combination of Atomic Orbitals (LCAO) basis set. In an 
isolated A system, only the basis orbitals in the A system are 
responsible to describe it. While, A and B are coupled, the 
basis orbitals in the system B will also be used to describe 
system A, resulting in a larger available basis set for system A. 
Consequently, there will be an artificial interaction which 
decreases the total energy. To eradicate BSSE, a counterpoise 
(cp) correction is added to the total energy:75
cp
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here EDFT is the total energy of the system AB and E
cp is the 
counterpoise corrected energy which is: 
( ) ( )cp A AB B A BE E E E E¢ ¢= - + -
where EAB’ (EA’B) is the energy of system A (B) using the AB
basis orbitals, which is obtained by considering so-called ghost 
orbitals at the atomic positions in the system B (A). Ghost 
atoms have no charge and no mass; however, they have basis 
orbitals. EA (EB) is the total energy of an isolated system A (B)
using the A (B) basis orbitals. Finally, the total energy of the 
system considering the long-range vdW interactions and 
artificial attractions between two subsystems is:
cp
Total DFT vdWE E E E= + +
To avoid the mirroring interactions, a vacuum space of 25 Å 
is considered in x and y directions in which the structures are 
not periodic. The electronic temperature is kept constant at 
300 °K. All the structures are completely relaxed, prior to the 
calculations, up until the force and stress are less than 0.01 
eV/Å and 0.005 eV/ Å3, respectively. 1×1×21 k-points in the 
Brillouin zone are sampled for geometry optimization and 
1×1×121 k-points for total energy, band structure, charge 
transfer, and electron transport calculations.
Fig. 1 Schematic structural model of SiNR-based gas sensor with two electrodes (black 
boxes). The cyan and green balls represent Si and H atoms, respectively. Possible 
adsorption sites of gas molecules on the SiNR are: I (hill), II (valley), III (bridge), and IV 
(hollow).
To investigate the charge transfer and transport properties, 
the gas sensing system is divided onto three regions: two 
electrode regions (left and right) and a scattering region (the 
central region), as illustrated in Fig. 1. To match the effective 
potential of central region with bulk electrodes, the 
perturbation of the scattering region should be screened out. 
To this end, a sufficient fraction of the electrode regions 
should be repeated in the scattering region. To calculate the 
non-equilibrium electron distribution in the central region, the 
NEGF method is employed. The charge density of the system 
based on the occupied eigenstates can be defined as
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here f(x)=1/(1+ex) is the Fermi function, y is the wave function,
ef is the Fermi energy, T is the electron temperature, and k is 
the Boltzmann constant. Conveniently, n(r) can be presented 
in term of density matrix (Dij)
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where Dij is defined by basis set expansion coefficients
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The density matrix is divided into left and right contributions 
L RD D D= +
where DL(R) is calculated using NEGF theory by 
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Where r L(R(e) ,the spectral density matrix, is
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Here G L(R) is the broadening function of the left (right) 
electrode which defined as
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where gL(R) is the surface Green’s function for the semi-infinite 
electrodes and VL(R)/S = V
†
S/(L/R) are the coupling matrix 
elements between electrodes and the scattering region. 
Furthermore, the key quantity to calculate is G, the retarded 
Green's function matrix, 
1
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G
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where d+ is an infinitesimal positive number. S and H are the 
overlap and Hamiltonian matrices of the entire system, 
respectively. The Green's function is only required for the 
central region and can be calculated from the Hamiltonian of 
the central region by adding the electrode self-energies 
1( ) [( ) ( ) ( )]L RG i S He e d e e -+= + - - -å å
The transmission amplitude tk, defines the fraction of a 
scattering state k propagating through a device. The 
transmission coefficient at energy e is obtained by summing up 
the transmission from all the states at this energy, 
†( ) ( )k k k
k
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The transmission coefficient may also be obtained from the 
retarded Green's function using 
†( ) ( ) ( ) ( ) ( )L RT G Ge e e e e= G G
At TR = TL = 0 (electron temperature) the conductance is 
determined by the transmission coefficient at the Fermi Level,
0( ) ( )C G Te e=
where G0=2e
2/h is the quantum conductance, in which e is the 
electron charge and h is Planck’s constant.
III Results and Discussions 
In this study, all the nanosensors are made of long and non-
periodic 7-ASiNRs. Their edges are passivated by H while their 
surfaces are kept pristine because the surfaces are less 
reactive than the edges.76 It has been reported that 7-ASiNR is 
a paramagnetic semiconductor with a band gap of ~0.56 
eV.56,58 The semiconducting ASiNR is chosen because it is 
expected that the adsorption of gas molecules has a much 
smaller effect on the electronic properties of zigzag SiNRs 
(ZSiNRs) which are metallic. To evaluate chemical sensing of 
SiNR-based nanosensors, single gas molecules (N2, NO, NO2, 
NH3, CO, CO2, CH4, SO2, and H2S) are initially placed about 3Å 
from the ASiNRs surface. The adsorption behaviors of 
molecules on SiNR are investigated after full relaxation. The 
structural stability of the molecule’s adsorption on SiNR is 
addressed using adsorption Energy (Ead) which is 
 –  –  ad SiNR Molecule SiNR MoleculeE E E E+=
where ESiNR+Molecule , ESiNR , EMolecule denote the total energies of 
the SiNR-Molecule system, pristine SiNR, and the isolated gas 
molecule, respectively. Based on the definition, the more 
negative Ead is, the stronger adsorption of gas molecules on 
SiNR would be. By considering different adsorption 
configurations of gas molecules on SiNR and calculating each 
configuration’s adsorption energy, it is discovered that 
different gas molecules prefer to be adsorbed with different 
geometries. To commence the relaxation, the molecules can 
be placed at four different positions including valley, hill, 
bridge sites, and hollow, as shown in Fig. 1. At these particular 
positions, different molecular orientations are considered. The 
structural stability of diatomic molecules (N2, NO, and CO) are 
examined when their molecular axis is aligned perpendicular 
and parallel with respect to the SiNR’s surface. Furthermore, 
for NO and CO molecules, the O atom can point up and down. 
For the triatomic molecule CO2 with 180˚ bond angles, two 
orientations, parallel and perpendicular to the surface, are 
tested. For other triatomic (NO2, SO2, and H2S), tetratomic 
(NH3), and pentatonic (CH4) molecules, two orientations are 
considered. In the first orientation, the N atom (in NO2 and 
NH3), S atom (in SO2 and H2S), and C atom (in CH4) point to the 
SiNR’s surface, while, in the second orientation, the H atom (in 
NH3, H2S, and CH4), and O atom (in SO2 and NO2) point away 
from the SiNR’s surface. The adsorption energies of gas 
molecules on the edge site and the interior site are also 
compared. We found that the gas molecules prefer to be 
adsorbed on the edge sites. Fig. 2 presents the most stable 
adsorption configurations of gas molecules on pristine ASiNRs.
Fig. 2 The most stable adsorption configurations (top and side view) for N2, NO, NO2, 
NH3, CO, CO2, CH4, SO2, and H2S on pristine ASiNR. The cyan, green, blue, red, grey, and 
yellow balls represent Si, H, N, O, C, and S atoms, respectively.
The calculated adsorption energies and binding distances 
between the gases and ASiNR are specified in Table 1. Our 
results show that CO is chemically adsorbed on SiNR with an 
adsorption energy of − 0.92 eV.  In  the most  stable  structure, 
the CO molecule prefers to be adsorbed in a vertical 
orientation when the C atom is connected to a Si-edge atom 
with a covalent bond at a hill position with a binding distance 
of 1.89 Å. The bond length of the adsorbed CO is 1.16 Å which 
is a little longer than that of an isolated CO molecule (1.14 Å). 
For CO2 and CH4, the results indicate that they are weakly 
physisorbed on SiNR with a small adsorption energy of − 0.31 
and −  0.18  eV,  respec vely.  Both molecules prefer to be 
placed at hollow site after relaxation. The N2 molecule is 
energetically stable when it is horizontally situated at the 
center of a hexagonal silicon cell near the edge. The low 
adsorption energy of −  0.31  eV  shows  that  N2 is physically 
adsorbed on SiNRs. However, SiNR is highly reactive to other 
N-based gas molecules such as NH3, NO2, and NO, whose 
adsorption energies are – 1.12, − 2.53, − 2.68 eV, respec vely. 
NH3 is chemically adsorbed on top of Si-edge atom at a hill 
position with the formation of a N-Si covalent bond (2 Å). The 
adsorption energy of NO2 and NO is even less than −  2  eV 
showing a very strong chemisorption. For the NO2 molecule, 
the N-O bond interacts with the Si-Si bond of SiNR at the edge, 
where the N-Si and O-Si covalent bonds’ length are 1.91 and 
1.77 Å, respectively. The chemisorption of the NO molecule on 
SiNR is even stronger than that of NO2 molecule. The N atom is 
bonded to Si-Si atoms on the edge of the SiNR to form a N-Si-Si 
triangle with N-Si and Si-Si bond lengths of 1.80 and 2.32 Å, 
respectively. The O atom is also connected to another Si atom 
on top of the Si-hexagon with a bond length of 1.73 Å. The 
adsorption energy of H2S molecule on top of SiNR is − 0.64 eV, 
showing that the adsorption of the molecule is physisorption. 
Strong chemisorption is also observed for the SO2 molecule, 
whose adsorption energy is − 2.63 eV. In this case, the O atoms 
of SO2 molecule are bonded to Si-Si bond at the SiNR edge, 
where the covalent bond lengths are 1.70 Å. 
To sum up, the interaction of N2, CO2, CH4, and H2S gas 
molecules with a SiNR is mostly vdW type adsorbing via
physisorption. A SiNR cannot be an appropriate sensor for 
detection of NO, NO2, and SO2 gas molecules because of their 
strong chemisorption on silicene. However, SiNR can be 
considered as a disposable molecule sensor for detection of 
NO, NO2, and SO2. Furthermore, the strong covalent bonding 
of these molecules to SiNR makes it possible to tune the 
electronic properties of SiNR for nanoelectronics applications, 
as will be discussed later. Finally, the moderate adsorption 
energies of NH3 and CO gas molecules make SiNR a promising 
material for sensitive gas sensors or gas filters because they 
can be easily desorbed from SiNR by heating. The calculated 
adsorption energies of all studied gas molecules on SiNR are 
distinctly larger than those of silicene sheet and GNR,49-51,67
showing higher sensitivity of SiNR toward the gas molecules. It 
should also be noted that environmental gas molecules (N2, 
CO2, O2, and H2O) can change the NH3 and CO sensing 
capability SiNR’s. Unlike physisorption of N2 and CO2 gas 
molecules on SiNR, the water and oxygen molecules are 
strongly chemisorbed on SiNR.69 Therefore, it is critical that 
water and oxygen molecules should be removed from the 
environment to preserve the proper sensing capability of 
SiNRs.
To investigate the effects of gas molecules on the 
conductance of SiNR, the quantum conductances of the 
pristine SiNR before and after adsorption are calculated, as 
shown in Fig. 3. Upon adsorption of N-based gas molecules, 
the band gap of pristine SiNR (0.56 eV) is decreased slightly for 
N2 (0.52 eV) and NH3 (0.48 eV) and is somewhat increased for 
NO2 (0.68 eV) and NO (0.68 eV). The conductances of SiNR 
before and after adsorption of N2 molecule are similar due to 
the physisorption of N2 gas molecule on SiNR, showing 
insensitivity of SiNR sensor to N2 gas molecule. However, the 
overall conductances of SiNRs are detectably dropped after 
NH3, NO2, and NO, confirming their chemisorption on SiNRs. 
The conductance reduction for a NO molecule is more vivid 
than other N-based gas molecules which are consistent with 
the calculated adsorption energies. For C-based gas molecules, 
the band gap of pristine SiNR is preserved for CO2 (0.56 eV) 
and slightly decreased for CH4 (0.52 eV) and CO (0.48 eV). The 
overall conductance of pristine SiNR is visibly reduced after CO 
adsorption, while barely changed after CO2 adsorption, and 
almost unchanged after CH4 adsorption which confirms the 
calculated adsorption energies for C-based gas molecules 
where the CO adsorption energy is more negative than others. 
Upon adsorption of S-based gas molecules, the band gap of 
pristine SiNR is unaltered for SO2 (0.56 eV) and is diminished 
for H2S (0.48 eV) gas molecule. A reduction in the conductance 
of the SiNR from SO2 and H2S adsorption is also observed, 
confirming the sensing capability of SiNR for SO2 and H2S gas 
molecules.
Fig. 4 (a) DOS of N2, NO, NO2, NH3, b) CO, CO2, CH4, SO2 and H2S gas molecules and 
SiNR. The positive and negative values represent spin-up and -down states, 
respectively. (b) DOS of SiNR and GNR. The Fermi level of SiNR and GNR are set to zero.
Fig. 3 Quantum conductance of pristine SiNR before and after (a) N2, NO, NO2, NH3, (b) CO, CO2, CH4, (c) SO2 and H2S gas molecules adsorption. 
Table 1 The calculated adsorption energy (Ead), binding distance which is the shortest atom to atom distance between molecule and device (D), and the charge transfer from 
ribbon to molecule (r)
Device Gas Ead (ev) D (Å) r (e) Device Gas Ead (ev) D (Å) r (e)
P-SiNR N2 − 0.30 3.47 − 0.110 DB-SiNR N2 − 0.32 3.28 − 0.090
NO − 2.68 1.73 − 0.892 NO − 3.23 1.74 − 0.908
NO2 − 2.53 1.77 − 0.851 NO2 − 2.94 1.92 − 0.848
NH3 − 1.12 2.00 − 0.535 NH3 − 1.24 1.98 − 0.520
CO − 0.92 1.89 − 0.406 CO − 1.52 1.83 − 0.395
CO2 − 0.31 3.34 − 0.101 CO2 − 0.35 3.27 − 0.100
CH4 − 0.18 3.40 + 0.025 CH4 − 0.22 3.33 + 0.020
SO2 − 2.64 1.74 + 0.626 SO2 − 2.72 1.80 − 0.615
H2S − 0.64 2.45 − 0.342 H2S − 0.79 2.45 − 0.323
Device Gas Ead (ev) D (Å) r (e) Device Gas Ead (ev) D (Å) r (e)
N-SiNR N2 − 0.35 2.59 − 0.151 B-SiNR N2 − 0.55 1.46 − 0.352
NO − 3.74 1.72 + 0.138 NO − 3.82 1.38 − 0.233
NO2 − 3.60 1.75 − 0.041 NO2 − 3.53 1.55 − 0.162
NH3 − 1.35 1.98 − 0.559 NH3 − 1.14 1.63 − 0.663
CO − 1.89 2.00 − 0.274 CO − 1.59 1.50 − 0.452
CO2 − 0.35 2.70 − 0.140 CO2 − 0.32 3.28 − 0.110
CH4 − 0.27 3.57 + 0.016 CH4 − 0.25 3.39 + 0.014
SO2 − 3.48 1.75 − 0.210 SO2 − 2.95 1.57 − 0.204
H2S − 1.86 2.40 − 0.305 H2S − 0.90 1.98 − 0.407
The electron charge transfer between gas molecules and 
SiNR is also investigated using Mulliken population analysis, as 
shown in Table 1. The positive value of charge indicates a 
charge transfer from SiNR to molecule. N2, NO, NO2, NH3, CO, 
CO2, and H2S are electron-donating gas molecules, while CH4
and SO2 have an electron-withdrawing capability. A large 
amount of charge transfer is observed for NO (− 0.892 e), NO2
(−  0.851  e), NH3 (−  0.535  e) and CO (−  0.406  e) due to their 
strong electron-donating characteristics. These large charge 
transfer molecules to SiNR are also correlated to the strong 
binding energies of the gas molecules chemisorption on SiNR. 
The origin of the chemisorption of NO, NO2, NH3, CO, and 
SO2 and physisorption of N2, CO2, CH4, and H2S of gas 
molecules on SiNR can be revealed by studying their density of 
states (DOS). Fig. 4(a) presents the total DOS of pristine SiNR 
and the gas molecules. The frontier molecular orbitals, the 
highest occupied molecular orbital (HOMO) and the lowest 
unoccupied molecular orbital (LUMO), of NO, NO2, NH3, CO, 
and SO2 are close to the Fermi level of SiNR. It shows that they 
have higher reactivity to SiNR as compared to N2, CO2, CH4, 
and H2S which are physisorbed on the SiNR. These results are 
consistent with earlier research on gas molecule adsorption on 
silicene sheet.48-51As previously mentioned, silicene is more 
reactive than graphene because of its tendency to adopt sp2 + 
sp3 hybridization over sp2 hybridization.22 The difference 
between chemical reactivities of silicene and graphene can be 
understood from Fig. 4(b). It shows that the corresponding 
electronic states of 7-ASiNR are closer than that of 7-AGNR to 
the Fermi level, causing stronger reactivity of SiNR for 
molecule adsorption.
Since upon adsorption of individual gas molecules a 
conduction reduction is observed in the properties of SiNRs, 
significant alterations in the electronic properties of SiNRs are 
expected at higher concentrations of gas molecules. To 
evaluate this premise, a higher surface coverage with two gas 
molecules is considered and the impacts of gas molecules 
adsorption on the conduction of SiNR are investigated. Fig. 5 
presents the most stable configurations of two adsorbed gas 
molecules on opposite edges of the SiNR. Based on the 
calculations, an individual gas molecule can be adsorbed 
anywhere at the SiNR’s edges and its position will not change 
the quantum conductance. The second gas molecule can also 
be adsorbed on the same side or the opposite side of the first 
gas molecule. The results show that the conductance changes 
are almost the same for two cases, in agreement with the 
findings of Osborn et al.69
Fig. 5 The most stable adsorption configurations for two N2, NO, NO2, NH3, CO, CO2, 
CH4, SO2, and H2S on pristine ASiNR. 
By calculating adsorption energies, it is found that adding an 
additional gas molecule to the system doubles the value of 
adsorption energies of gas molecules on the SiNR. It is clear 
that the NO, NO2, NH3, CO, SO2, and H2S sensing capability of 
SiNR, which is exposed by two gas molecules, is increased due 
to the significant reduction in the conductance of pristine SiNR 
and the strong chemisorption of gas molecules to the SiNR 
(their adsorption energies are less than −1 eV), as shown in Fig. 
6. By performing Mulliken population analysis of the SiNR with 
one adsorbed molecule and comparing to the SiNR with two 
adsorbed molecules, it is found that there are no appreciable 
differences between the amounts of charge transfer.
It is predicted that the edges of SiNRs are not well controlled 
similar to GNRs.77,78 As a result, it seems difficult to achieve a 
fully edge hydrogenated SiNR without any dangling bond (DB) 
defects. It is found that edge DB defects are much more 
probable than surface DB defects in silicon nanowires.79-82
Therefore, it is necessary to investigate the sensing capability 
of a SiNR with an edge DB defect. To this end, a hydrogen 
atom is removed from one silicone edge atom, and only the 
gas adsorption above the DB defect is tested. The most stable 
adsorption configuration of gas molecules on SiNR with an 
edge DB defect are illustrated in Fig. 7. 
Fig. 7 The most stable adsorption configurations for N2, NO, NO2, NH3, CO, CO2, CH4, 
SO2, and H2S on ASiNR with an edge DB defect.
Fig. 8 shows the conductance modulation of ASiNR with an 
edge DB defect upon adsorption of gas molecules. As one can 
see the edge DB defects do not limit the sensing capability of 
the SiNR. The absolute value of adsorption energies of all gas 
molecules on SiNR with an edge DB defect, see Table 1, are 
increased, leading to detectable modifications in SiNR’s 
conductance. Based on their adsorption energies, it can be 
understood that NO (− 3.23 eV), NO2 (− 2.94 eV), NH3 (− 1.24 
eV), CO (−  1.52  eV),  and  SO2 (−  2.72  eV)  are  strongly 
chemisorbed on the SiNR with a DB defect, while H2S (− 0.79 
eV) is strongly physisorbed on the SiNR. However, the N2 (− 
0.32 eV) and CH4 (−  0.22  eV)  molecules  are  s ll  weakly 
physisorbed on the SiNR with small adsorption energy. The 
Mulliken population analysis of the SiNR with an edge DB 
defect and adsorbed molecule shows that a DB defect slightly 
decreases the charge transfer between SiNR and gas 
molecules, see Table 1.  
Fig. 6 Quantum conductance of pristine SiNR before and after a) two-N2, -NO, -NO2, -NH3, b) -CO, -CO2, -CH4, c) -SO2 and -H2S gas molecules adsorption. 
Fig. 8 Quantum conductance of SiNR with an edge DB defect before and after a) N2, NO, NO2, NH3, b) CO, CO2, CH4, c) SO2 and H2S gas molecules adsorption. 
Here, we study the effects of doping on the gas molecules 
sensing capability of SiNR. To this end, doping effects of SiNRs 
with N and B impurities have been considered. It has been 
found that a single N or B dopant prefers to be substituted 
with Si edge atoms because the formation energy of N or B 
impurity at the edge is lower than other positions of the 
nanoribbon.56 To focus on the effects of doping on the sensing 
capability of the SiNR, the gas molecules adsorption above the 
B and N impurities and their nearest neighbours are studied. It 
is discovered that the gas molecules energetically tend to be 
chemisorbed on B atom in B-doped SiNR, and chemisorbed on 
the Si atoms nearest to the N atom in N-doped SiNR. The 
adsorption energies of gas molecules on the doped SiNR are 
larger than that of pristine SiNR, proving that doping improves 
sensing capabilities of SiNR, see Table 1. These findings are in a 
good agreement with previous studies on gas detection based 
on doped silicene.50
The most stable configuration of adsorbed gas molecules on 
N-doped and B-doped ASiNR are depicted in Fig. 9. For CO gas 
molecule on N-doped SiNR, two covalent bonds are formed 
between C and two nearest Si atoms to the N atom, while, for 
B-doped SiNR, C atom and B atom are covalently bonded. The 
adsorption energies of CO molecule on N- and B-doped SiNR 
are 2.04 and 1.72, greater than that of pristine SiNR. The NO 
gas molecule is also strongly chemisorbed on N- and B-doped 
SiNR. Although three covalent bonds are formed between NO 
and nearest Si atoms to the N atom in N-doped SiNR, the 
adsorption of NO on B-doped SiNR totally destroys the 
configuration of atoms on the edge. The most stable 
configurations for NO2, NH3, and SO2 gas molecules adsorption 
on N- and B-doped SiNR are quite similar to the pristine SiNR. 
The only difference is that they prefer to be adsorbed on top 
of a B atom and the nearest Si atom to the N atom. The CO2
and CH4 molecules on the N- and B-doped SiNR and N2 and H2S
on the N-doped SiNR are still physisorbed. However, N2 and 
H2S gas molecules are chemically adsorbed on B-doped SiNR 
with adsorption energies of − 0.55 eV and − 0.90 eV which are 
1.79 and 1.40 times greater than that of pristine SiNR. Similar 
to gas adsorption on pristine SiNR, the conductances of N-
doped and B-doped SiNR are detectably changed upon 
adsorption of NO, NO2, NH3, CO, SO2, and H2S, see Fig. 10. 
Furthermore, doping a B atom into the SiNR can improve the 
N2 gas sensing capability of SiNR, compared to that of pristine 
SiNR. Charge transfer analysis shows that N2, NO2, NH3, CO, 
CO2, H2S, and SO2 act as donors, while NO and CH4 act as 
acceptors for N-doped SiNR. However, for B-doped SiNR, all 
gases have electron donating capability except CH4, see Table 
1. 
Fig. 9 The most stable adsorption configurations for N2, NO, NO2, NH3, CO, CO2, CH4, SO2, and H2S on (a) N-doped and (b) B-doped ASiNR. The cyan, green, blue, red, grey, yellow, 
and pink balls represent Si, H, N, O, C, S, and B atoms, respectively.
Fig. 10 Quantum conductance of N-doped SiNR before and after (a) N2, NO, NO2, NH3, (b) CO, CO2, CH4, (c) SO2 and H2S gas molecules adsorption. Quantum conductance of B-
doped SiNR before and after (a) N2, NO, NO2, NH3, (b) CO, CO2, CH4, (c) SO2 and H2S gas molecules adsorption
Finally, a design of SiNR-based sensor to detect gas 
molecules is proposed, as shown in the inset of Fig. 11 (a). Two 
semi-infinite 4-ZSiNRs as the leads and a 98 Å long 7-ASiNR gas 
sensing zone are the main elements of the device. We have 
assumed that 5 gas molecules with an average distance of 18 Å 
are adsorbed on the edge sites of the detection zone. By 
applying a bias voltage across the leads, conductance can be 
measured before and after adsorption. To assess the sensing 
performance of the proposed device for the gas molecules the 
current versus bias voltage is calculated in Fig. 11 (a). For 
clarity and brevity, the I-Vbias curves for 7-ASiNR before and 
after adsorption of NO2 and NO molecules are considered 
because the currents induced by other molecules are much 
smaller than that of NO2 and NO molecules. As can be seen, 
the current is always almost zero for pristine 7-ASiNR before
adsorption of molecules since 7-ASiNR is semiconductor with a 
direct band gap of 0.56 eV, as shown in Fig. 11 (b). However, 
upon NO2 adsorption, the current remarkably increases as a 
function of increasing voltage bias, the curve is almost 
linearindicating a metallic behavior. The current can be also 
increased by NO adsorption; however, the current value is 
much smaller than that of NO2. These results can be confirmed 
by analyzing the band structures of 7-ASiNR after NO and NO2
adsorption, as shown in Fig. 11 (b). As mentioned before, the 
gas molecules are able to tune the electronic properties of 
SiNRs. The adsorption of NO2 and NO on 7-ASiNR can 
transform the system to n-type and p-type semiconductors, 
respectively, due to the deep defect states induced by gas 
molecules, as shown in Fig. 11 (b). These n- and p-type 
semiconducting SiNRs can be applied in nanoscale electronic 
devices such as a p-n junction diode and n- or p-type FETs. It is 
also expected that NO2 gas molecule adsorption by SiNR can 
give rise to a conductance enhancement because of the 
metallic behavior of SiNR after NO2 molecule adsorption. 
However, for NO molecule adsorption, the conductance may
be enhanced by some amount since the NO adsorption makes
the SiNR a p-type semiconductor. 
Fig. 11 (a) I-Vbias curves for the SiNR sensor before and after NO and NO2 adsorption. The inset shows the schematic of a SiNR-based sensor which consists of a semiconducting 7-
ASiNR (detection region) and two metallic 4-ZSiNRs (electrodes). (b) Band structures of pristine 7-ASiNR before and after NO and NO2 adsorption.
IV Conclusions 
In summary, we employed first-principle calculations to 
explore the adsorption geometry, adsorption energy, charge 
transfer, electronic band structure, and quantum conductance 
modulation of SiNRs with gas molecules (N2, NO, NO2, NH3, CO, 
CO2, CH4, SO2, and H2S) adsorption. Our results reveal that 
SiNRs are capable of detecting CO and NH3 with high sensitivity 
because they are chemically adsorbed on the SiNR and transfer 
a few electrons to the SiNR. Quantum conductance 
modulation of SiNRs is clearly detectable upon chemisorption 
of gas molecules. Furthermore, SiNRs are not appropriate to 
serve as a sensor for NO, NO2, and SO2 due to the fact that 
they are strongly chemisorbed with covalent bonds to SiNRs
and transfer a large amount of electrons to the SiNR. However, 
the strong bonding of NO and NO2 molecules is an effective 
way to tune the electronic properties of SiNRs to fabricate p-
type and n-type transistors, respectively. The other gas 
molecules are physisorbed. We also found that increasing the 
density of gas molecules will result in more significant changes 
in quantum conductance. In addition, dangling bond defects 
which are unavoidable through fabrication process will not 
hinder the sensing capability of SiNRs. The sensing capability of 
a SiNR-based sensor can also be increased by either N or B 
doping. It is found that doping a SiNR with a B atom can 
enhance the detection capability of N2 gas molecules. On the 
basis of our results, SiNRs can be considered as a promising 
material to detect individual gas molecules.
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